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Abstract: Silver containing hybrid coatings were synthesized on titanium by sol-gel process. The 
specimens were studied by transmission electron microscopy, field-emission scanning electron 
microscopy, bonding test and bacterial counting method. The solid phase content of the sols was 
increased by the addition of TiO2 nanoparticles, which avoided the formation of microcracks on the 
coatings surface. The bonding strength of the coated groups showed a bonding strength 
improvement of 10.6% compared to the uncoated group. The percent reduction in bacterial count 
against S. aureus seeded on silver containing hybrid coating surface was approximately 99.3% after 
24h incubation, which indicated the strong antibacterial activity of the coating.  
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1 Introduction 
Titanium is an attractive dental restorative material for its excellent characteristics such as 
excellent biocompatibility, high mechanical strength, corrosion resistance and low cost [1]. 
However, the self-formed nonadhesive oxide layer on titanium during fusion resulted in the poor 
adhesion between porcelain-titanium, which restricted its application [2-3].   
In addition, clinical failures of the dental restoration frequently occur due to the associated 
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infections [4]. Nano-silver (Ag) particles have attracted increasing attention due to its broad 
antibacterial spectrum including antibiotic-resistant bacteria, non-cytotoxicity at suitable doses and 
satisfactory stability [5].  
Intermediate layers such as SiO2, NbN and SnO were used to improve the bonding strength 
between titanium to porcelain [6-8]. In the previous research, volumetric shrinkage of the coating 
during the heat-treatment caused formation of microcracks on coating surface. Therefore, in this 
research, TiO2 nanoparticles were added to increase the solid phase content of the sols and avoid 
formation of microcracks. The effects of the TiO2 content on properties of the coatings were 
investigated. At the same time, an easily oxidizable component of SnO was used to protect the Ti 
matrix from excessive oxidation and improve the bonding between Ti-porcelain. Because the upper 
and lower surfaces of Ti were both coated with the Ag nanoparticles containing antibacterial 
coatings, it was anticipated that antibacterial properties of the porclain fused to titanium would be 
simultaneously improved. 
2 Materials and methods 
ASTM grade II CP titanium was cast, ground with SiC paper and polished to prepare 
plate-shaped specimens. The specimens without any treatment were used as control. 
2.1 Preparation of Ag containing hybrid coating 
20 mL of 10 mM Silver nitrate (AgNO3, Sigma Aldritch 99.9%) aqueous solution containing 
0.9 g of poly(vinyl pyrrolidone) was heated by microwave for 1.5 min with a power of 1000 W. 
Then the mixtures were centrifuged and washed with acetone and distilled water, respectively. The 
tetramethoxysilane oligomer was mixed into ethanol with nitric acid as catalyst to prepare silicon 
sol (Sol A). The tin dichloride was mixed into ethanol with ammonia as catalyst to prepare tin sol 
(Sol B).  
Then the Ag colloid was stirred and mixed successively with Sol A, B and TiO2 nanoparticles in 
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different ratios as shown in Table 1, respectively. The hybrid coatings were synthesized on titanium 
by dip-drawing at speed of 0.5 mm·s
−1
 and dried at 90 °C for 6 h. Then the coatings were 
heat-treated in air at 300°C for 0.5 h. 
2.2 Preparation and three-point flexural bonding test of titanium-porcelain specimens 
Thin layers of bonding, opaque and dentin porcelains (Self-Made) were subsequently fused on 
the center of the plate specimens, respectively. The total thickness of the porcelains was controlled 
to 1 mm. Each specimen was positioned on supports with a span distance of 20 mm in a universal 
testing machine (DSS-25T, Shimadzu, Japan) at a crosshead speed of 1.5 mm/min. From the three 
point bending tests the bonding strength were calculated according to ISO 9693 [9]. 
2.3 Bacterial counting Tests 
The solution containing S. aureus at a concentration of 10
8 
CFU/mL was introduced onto the 
sample surface with a density of 0.01 mL/cm
2
 and then incubated at 37℃ for 24 h. Then the 
samples were sonicated for 10min. Then 10-fold serial dilutions of the sonicated solutions were 
inoculated onto a standard agar culture medium. After incubation at 37℃ for 24 h, the active 
bacteria were counted according to the National Standard of China GB/T 4789.2. 
2.4 Surface characterization 
The micromorphologies of the sols and coatings were measured by transmission electron 
microscope (TEM) and field-emission scanning electron microscopy (F-SEM). 
3 Results and discussion 
Figure 1 shows TEM micrograph of Ag containing hybrid sol. Figure 1 revealed that Ag 
nanoparticles (about 50nm in diameter) and porous sol matrixes coexisted in the solution. The Ag 
nanoparticles were adhered and enwrapped in the hybrid sol matrixes. The porous sol matrix tended 
to form a porous coating, which was proved by the following SEM microphotographs (shown in 
Fig.2). 
- 4 - 
 
Figure 1 
Fig. 2 shows SEM micrograph of hybrid coatings with different TiO2 content (a) 50 wt%, (b) 55 
wt%, (c) 60 wt% and (d) 65 wt%. The insets are the higher magnification images of the same 
specimen. In figure 2 (a), there are large numbers of microcracks on the hybrid coatings surface 
when the TiO2 content was 50%. The higher magnification images inserted in figure 2 (a) also 
shows the existence of microcracks and pores. With the TiO2 content increasing, the quantities of 
the microcracks gradually decreased. When the TiO2 content was increased to 65wt%, there were 
scarcely any microcracks but few pores on the coatings surface. The higher magnification images 
inserted in figure 2 (b), (c) and (d) also revealed the porous structure of the coatings and the 
decrease of the microcracks. The addition of TiO2 nanoparticles avoided the formation of 
microcracks on the coatings surface. 
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Figure 2 
The formation of the microcrack was due to the volumetric shrinkage of the coatings and 
thermal stress arising from the difference in coefficient of thermal expansion between Ti and the 
coating during cooling [2, 5]. In this research, the solid phase content of the sols was increased by 
the addition of TiO2 nanoparticles, which decreased the volumetric shrinkage of the coatings and 
avoided the formation of microcracks on the coatings surface.  
Figure 3 shows the effect of hybrid coating compositions on the bonding strength between 
porcelain-Ti. Compared with the uncoated group, the 4
# 
hybrid coating group (TiO2 65 wt%, the 
highest bonding strength) showed a bonding strength improvement of 10.6%, from 43.6 MPa to 
48.2 MPa. While there was no obvious difference between the bonding strength of the uncoated and 
1
# 
and 2
# 
hybrid coating groups.  
 
Figure 3 
- 6 - 
Combining the results of the bonding strength and SEM micrographs, the addition of TiO2 
nanoparticles avoided the formation of microcracks on the coatings surface, which helped to 
improve the bonding between porcelain-Ti. The optimal TiO2 content for the hybrid coatings is 65 
wt% in this research. 
Figure 4 shows the bacterial effect against S. aureus of the Ti samples (a) uncoated group and (b) 
coated with Ag containing hybrid coating. Fig.4 (a) showed that the growth of S. aureus was 
scarcely inhibited on the uncoated Ti surface. While, Fig. 4(b) showed that rare active bacteria were 
observed on the coated group. The percent reduction in bacterial count against S. aureus seeded on 
Ag-containing coating surface was approximately 99.3% after 24h incubation, which indicated the 
strong antibacterial activity of the Ag containing hybrid coating. The porous coatings would favor 
releasing Ag ions, which would inhibit the adhesion of bacterial. The silver release profile can be 
further optimized by adjusting the content of Ag nanoparticles, which will be investigated in our 
future work. 
  
Figure 4 
4 Conclusions  
A porous coating containing Ag nanoparticles was deposited on titanium. The addition of TiO2 
nanoparticles increased the solid phase content of the sols and avoided the formation of microcracks 
on the coatings surface, which helped to improve the bonding between porcelain-Ti. Compared to 
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the uncoated group, the Ag containing hybrid coated groups showed strong antibacterial effect 
against S. aureus and a bonding strength improvement of 10.6%. 
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Figure 1 TEM micrograph of Ag containing hybrid sols 
 
Figure 2 SEM micrograph of hybrid coatings with different TiO2 content (a) 50 wt%, (b) 55 wt%, (c) 
60 wt% and (d) 65 wt%. The insets are the higher magnification images of the same specimen. 
 
Figure 3 Effect of hybrid coating compositions on the bonding strength between porcelain-Ti. 
 
Figure 4 The bacterial effect against S. aureus of the Ti samples (a) uncoated group and (b) coated 
with Ag containing hybrid coating.  
 
 
Table 1 Composition of the Ag containing hybrid coating. 
Composition (wt%) SiO2 TiO2 SnO Ag 
1
#
 30 50 15 5 
2
#
 25 55 15 5 
3
#
 20 60 15 5 
4
#
 15 65 15 5 
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High lights 
 
(1) A porous coating containing Ag nanoparticles was deposited on titanium 
by sol-gel.  
(2) TiO2 nanoparticles were added to avoid formation of microcracks on the 
coating. 
(3) Strong antibacterial property was obtained by incorporation of Ag 
nanoparticles. 
 
 
 
